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ABSTRACT 
 High-tunnel primocane red raspberry production is beneficial in the North Central Region 
of the United States where production is dependent upon the length of the growing season. 
Advantages of growing Rubus iadaeus L. (red raspberries) in high-tunnels include improved 
climatic conditions, reduced winter-cane injury, decreased disease incidence, improved berry 
size and quality, advanced fruit maturation and harvest, and a 50% extension of the harvest 
season. Improved climatic conditions of high-tunnels also have affected primocane red raspberry 
growth and production negatively, by reducing shoot growth, fruiting lateral development, yield, 
and berry quality, due to increased PAR and air- and root-zone temperature in high-tunnel 
systems. With the expansion of high-tunnel primocane red raspberry production in an area with 
seasonal climatic extremes, such as the North Central Region, there is a need for simple 
management practices for tunnel environment manipulation. The primary objective of this study 
was to evaluate the relationship between temperature and irradiance (photosynthetically active 
radiation, PAR) and their effect on primocane growth, development, and production. Sub-
objectives of this investigation were to evaluate the efficacy of shadecloth in reducing PAR and 
air-and root-zone temperature during high-tunnel primocane red raspberry production, and the 
potential of soil mulch in reducing temperature of high-tunnel primocane red raspberry at the 
root-zone depth.  
The influences of PAR and root-zone temperature on vegetative and flowering growth 
responses of primocane red raspberry ‘Autumn Britten’ were examined. Dormant, one-year-old 
crowns were planted in 2012, under three identical polyethylene-covered tunnels and in a field 
plot. A split-plot, randomized complete block design was used. Light transmission through the 
tunnel polyethylene cover was reduced by 17% before treatments were applied. Whole plot 
target PAR reduction of 50% was achieved with the addition of shadecloth with a 33% shade 
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factor. In both production years, shadecloth was applied in early June and removed when mean 
PAR fell below 600 μmol·m  ²·   ¹ in late September. At planting, crowns were either mulched 
with Panicum virgatum L. (switchgrass) mulch groundcover or grown with no mulch. 
The combination of the shadecloth and the polyethylene-cover reduced mean tunnel PAR 
by an average of 49% in the two years of the experiment. Seasonal climatic extremes provided 
no differences in treatment temperature at the height of cane growing point. Root-zone 
temperature had a greater effect on primocane growth, cane architecture, and yield components 
compared to air temperature or PAR. Root-zone temperature was consistently greater in tunnels 
without shadecloth or nonliving mulch. The combination of reduced PAR from the 33% 
shadecloth and the presence of the nonliving mulch provided the greatest reduction of 
temperature at primocane raspberry root-zone depth, and optimized cane height and adventitious 
lateral count before terminal bud formation. A positive correlation between flower lateral length 
and number of flowers produced per lateral was found at root-zone temperatures most similar to 
the field. Similar associations of increased cane density, leaf area and count, and flower lateral 
count were found with root-zone temperature most similar to the field. Establishment year 
decreased fall root-zone temperature, as a result of shadecloth or soil mulch, increased cane 
density and shoot growth the subsequent spring.  
Root-zone temperature was the most influential climatic parameter, accounting for 71% 
of yield variability among treatments in year two, followed by PAR (29%), and air temperature 
(0%). Primocane yield in high-tunnels was optimized by maintaining root-zone temperature in 
the low to mid 20 °C range. Fresh berry weight was not influenced by differential PAR and root-
zone temperature. Differential climatic conditions of air- and root-zone temperature and PAR did 
not influence the timing of bud initiation, though time-to-ripening was delayed a result of 
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shading and root-zone temperature up to 23 °C. Sugar content of field-grown red raspberries 
increased as the season progressed, but soluble solids concentration decreased with the 
advancement of the harvest season in tunnels.  
It is beneficial to manipulate the tunnel root-zone temperatures between flower-bud 
developmental stages of petal fall and first harvest. For high-tunnel primocane red raspberry 
production in the North Central Region, optimizing root-zone temperature favors the vegetative 
to flowering transition, and increases yield as a result of increased cane density, fruiting lateral 
count and length, and quantity of flowers produced per lateral. Basic manipulation techniques 
such as applying a nonliving mulch groundcover or obtaining a target PAR reduction of 50% can 
optimize primocane red raspberry growth of tunnel environments in the North Central Region of 
the United States.  
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 CHAPTER 1: GENERAL INTRODUCTION 
 
Thesis Organization 
The following thesis contains four chapters. Chapter one consists of a general 
introduction to the research study and a review of literature appropriate to the investigation. 
Chapters two and three will be submitted as manuscripts to the journal HortScience. General 
conclusions to the study are provided in chapter four, and all chapters are written in the 
format of HortScience. 
 
Introduction  
Raspberries have been used for fresh fruit and medicinal purposes for centuries. 
However, it was not until the 1600s when raspberries became popular in local European 
markets (Barney et al., 2007). Twenty-three cultivated raspberry varieties were listed for 
commercial use by 1829, and by the early 1900s, controlled crosses were being developed in 
North America and Europe (Barney et al., 2007). Today, public programs from around the 
world are developing new crosses and raspberry cultivars for commercial production, with 
the majority adaptable to the temperate regions of the United States (Weber, 2012). Regions 
with the greatest production of fresh and processing raspberries are British Columbia, 
Europe, or along the western coast states of the United States and smaller acreages 
increasingly have been found in the North Central Region (Demchak, 2009). As of 2012, the 
United States is the third-largest producer of fresh and processing raspberries, with an 
estimated production value of greater than $290 million (USDA, 2014). A recent report by 
the Agriculture Marketing Resource Center states that raspberries are the third most-
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consumed fresh berry in the United States, with red-colored fruit dominating the market 
(Geisler and Isaacs, 2012).  
With this rapidly expanding industry and the increased demand of local and regional 
food markets, there is a need to expand the harvest season of domestic red raspberry 
production. Red raspberry (Rubus idaeus L.) is a temperate crop that requires relatively cool 
summers and moderate winter temperatures for best production, and ideal conditions for field 
production are only found in a few locations worldwide (Crandall and Daubeny, 1990). In 
addition, the marginal winter hardiness and shorter growing seasons of other locations limit 
raspberry production. To combat this problem, Northeastern (Connecticut, Delaware, Maine, 
Maryland, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, Rhode 
Island, and West Virginia) and North Central Regions (Illinois, Indiana, Iowa, Kansas, 
Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and 
Wisconsin) of the United States have modified empty greenhouse space to produce 
raspberries during the time of year when domestic raspberries are not available (Pritts, 2008). 
While greenhouse production has been used to establish a continual production period, it is 
not cost-effective due to increased costs associated with supplemental heating (Pritts, 2008). 
Red raspberry producers have been searching for alternative methods to extend the harvest 
beyond the typical growing season. An innovative technology that has gained attention in 
recent years is high-tunnels (Heidenreich et al., 2012).    
High-tunnels offer a less expensive way to extend the harvest season and narrow the 
gap between off-season and field-grown fruit crop production with minimal inputs 
(Heidenreich et al., 2012). Growers from the United States and the United Kingdom have 
established high-tunnels to increase small fruit production, and these growers occupy nearly 
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770,000 hectares (1.9 million acres) worldwide (Demchak, 2009). In the United States, 1,780 
ha of raspberry and strawberry production are in high-tunnels (Demchak, 2009). Since one, 
9.1 m wide by 29.3 m long single bay high-tunnel occupies less than 0.03 ha, a substantial 
amount of high-tunnels would be needed to occupy one hectare of high-tunnel berry 
production.   
High-tunnel primocane red raspberry production is beneficial in North Central Region 
states such as Iowa where production is dependent upon the length of the growing season.  In 
addition, the off-season production of fresh-market, high-tunnel red raspberries gives 
growers an economic advantage that ranges from $3.00 to $6.00 per ¼ L of raspberries 
produced in mid-July through November (Oliveira et al., 1998; Pritts, 2008). Despite the 
economic advantages, optimal high-tunnel raspberry production is shown to be subjective to 
air- and root-zone temperatures of the tunnel environment (Bushway et al., 2008; Privé et al., 
1993). In addition, high-tunnel production in the North Central Region occurs when 
temperatures and PAR levels are at their peaks, causing adverse effects to primocane red 
raspberry fruit yield and quality (Carew et al., 2003; Remberg et al., 2010). With this 
increasing demand of fresh, quality fruit over a longer harvest period, sustainable 
management practices that are relatively inexpensive, economically viable, and require low 
technical inputs are needed.  
The primary objective of this investigation was to evaluate the relationship between 
irradiance (photosynthetically active radiation, PAR) and air- and root-zone temperature and 
what impact they have on primocane growth, development, and production. The two sub-
objectives pertinent to this investigation were to evaluate the efficacy of shadecloth in 
reducing PAR and air- and root-zone temperature during high-tunnel primocane red 
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raspberry production, and to determine the potential of soil mulch in reducing temperature of 
high-tunnel primocane red raspberry at the root-zone depth. The two hypotheses of this 
project are: (1) a 50% decrease of PAR will increase plant growth and production, and (2) the 
combination of soil mulch and shadecloth will reduce air- and root-zone temperature.  
 
Literature Review 
Importance of high-tunnel primocane red raspberry production 
In recent years, reports have stated benefits of growing small fruit crops in high-
tunnels due to improved climatic conditions (Carew et al., 2003; Remberg et al., 2010). As 
defined by Wien (2009), a high-tunnel i  “a  imple unheated greenhou e covered with clear 
polyethylene, in which plant  are typically grown in the ground.” Al o known a  protected 
culture, this method of extending the growing season for high-value crops has been used 
worldwide for many years. High-tunnels are used extensively for strawberry and vegetable 
production, and there has been increasing focus on high-tunnels for perennial raspberry, 
blackberry, and blueberry production (Demchak, 2009; Wien, 2009). While data on acreage 
are limited, the majority of high-tunnel production in the United States is located in 
California, which accounts for more than 1,618 ha of the total 1,780 ha of fruit produced 
under protected culture (Demchak, 2009; U. S. Department of Agriculture, 2008).  
In the Northeastern and North Central Regions of the United States, fresh local 
raspberries typically are available from mid-June to early October by using a combination of 
floricane- and primocane-fruiting cultivars. With the use of high-tunnels, the production 
season can begin in early May for floricane-bearing cultivars, and can be extended through 
late November for primocane-bearing cultivars (Heidenreich et al., 2012). While research 
5 
 
suggests that high-tunnel production advances harvest about one-month for floricane-bearing 
raspberries, the production season is increased an additional three to four weeks in both 
spring and fall for high-tunnel primocane-fruiting raspberries (primocane raspberries) 
(Demchak, 2009; Heidenreich et al., 2012). With a season extension of 50% beyond 
scheduled field production, growers have the ability to capture premium prices for berries 
that are harvested well before and beyond the typical field-growing season. Whereas price 
per kilogram averages $4.33 for fresh raspberries that are field-grown in Washington, high-
tunnel raspberries command $13.20 to $26.40 per kilogram due to out-of-season production 
(Barney et al., 2007; Pritts, 2008). The majority of high-tunnel raspberries produced in the 
U.S. and British Columbia are from primocane-bearing cultivars (Demchak, 2009; Domoto et 
al., 2009). 
High-tunnels also provide protection for primocane raspberries from climatic 
elements of low temperature and rainfall on the plant (Domoto et al., 2009; Lamont, 2005). 
High-tunnel-produced berries are larger, acquire a greater percentage of marketability, attain 
improved berry quality and firmness, and gain enhanced shelf-life (Demchak, 2009; Domoto 
et al., 2009; Lamont et al., 2003). Heidenreich et al. (2012) and Domoto et al. (2009) 
highlighted that high-tunnels reduce winter-cane injury of floricane types by decreasing 
damage to raspberry buds and canes from wind desiccation, and have the possibility to 
improve hardiness potential of cultivars that are cold-sensitive. Research also suggests that 
reduced disease incidence in high-tunnel production was due to the lack of moisture on the 
leaves and canes, which would be otherwise an undesirable trait from the field (Demchak, 
2009; Lamont et al., 2003).  
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High-tunnel temperature 
The red raspberry is a temperate species and produces short-lived, biennial, woody 
shoots on a long-lived perennial root system (Sonsteby et al., 2009). While fruit production is 
optimized by several factors, including successful nutrient and water uptake, high soil 
organic matter content, and low winter injury, increased shoot growth of raspberry canes is 
dependent on increased temperature (Oliveira et al., 2004).  
Air temperature 
Temperature is an important environmental factor, and it regulates the vegetative to 
flowering transition of several fruit crops (Serceˊ and Hancock, 2005; Sonsteby and Heide, 
2008). In temperate climates, such as the Northeastern or North Central Regions of the 
United States, primocane raspberries have a distinct pattern of seasonal dormancy and 
growth. Unlike floricane fruiting cultivars, primocane-fruiting cultivars complete the cycle of 
vegetative, flowering, and fruiting growth in a single growing season (Carew et al., 2003; 
Sonsteby and Heide, 2008). Cane growth of primocane-fruiting cultivars benefits from 
increased high-tunnel temperatures early in the season. Primocane shoot growth nearly 
doubles as air temperature rise from 15 to 21 °C (Sonsteby et al., 2009). Continuous shoot 
and lateral growth is observed when air temperature is increased to 21 °C (Sonsteby and 
Heide, 2008). As air temperature increase from 9.9 to 24 °C, the rate at which cane growth 
occurs also is intensified (Carew et al., 2003). 
Increasing air temperatures advance fruit maturation and harvest in primocane-
fruiting cultivars. When grown at an air temperature of 25 °C, the early occurrence of apical 
flowering allows primocane flowers to be initiated much earlier and at a shorter cane height 
(Jennings, 1988). Similarly, Carew et al. (2003) found that the time to flowering decreased 
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with the primocane cultivar Autumn Bliss as temperatures rose from 15 to 24 °C. Additional 
reports demonstrate that air temperature below 10 to 12 °C delayed flowering and induced 
growth cessation and bud dormancy of various fruit crops, whereas an air temperature of 15 
and 21 °C maintains continuous growth (Heide and Prestrud, 2005; Jennings, 1988; Sonsteby 
and Heide, 2008).  
Increased cane height, lateral length, and increased air temperature increase raspberry 
yield (Sonsteby et al., 2009). ‘Heritage’ primocane  produced earlier and more flower  at 
greater day-night temperatures than at lower day-night temperatures (Lockshin and Elfving, 
1981). Increased air temperature also alters the proportion of dormant versus flowering buds, 
increasing of the quantity of flowering laterals down the cane (Heide and Sonsteby, 2011). 
Basipetal increases in the length of fruitful laterals and the quantity of flowers on the laterals 
were noted with increasing growth temperature in strawberry (Sonsteby and Heide, 2009). 
While growth is favored by increased temperatures from 12 to 24 °C, researchers 
recently discovered that temperatures beyond 24 °C can be just as detrimental to raspberry 
production as cold temperatures (Bushway et al., 2008; Remberg et al., 2010). As growth 
increases with increasing temperature (Heide and Sonsetby, 2011), flower bud initiation has a 
temperature limit of 15 °C (Sonsteby and Heide, 2008). In primocane-fruiting cultivars with 
floral initiation directly followed by flower development, a modification to the environment 
involving increased temperatures above 24 °C further reduces fruit yield by inducing 
premature bud dormancy (Jennings, 1988). The rate of progress to flowering decreased as 
temperature rose beyond 24 °C (Carew et al., 2003; Jett, 2011). Additional reports stated that 
berry weight decreases with the progress of the harvest period and high air temperature 
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(Remberg et al., 2010); demonstrating an average 50% reduction dry fruit weight of 
strawberry (Serceˊ and Hancock, 2005).  
As air temperatures exceed the mid-20 °C range, cane height and overall growth rate 
of primocane raspberries declines (Heide and Sonsteby, 2011). Due to the decrease in the 
cane height and the number of adventitious shoots, a decrease in the overall fruit yield results 
from increased air temperatures above the optimum growing range (Oliveira et al., 2004). 
The combination of higher temperatures and decreased growth rate affects the rate at which 
plant assimilation and evapotranspiration occurs. Stafne et al. (2001) found that leaf gas 
exchange in selected primocane raspberry cultivars declined as temperatures increased above 
25 °C, with a reduction of nearly 50% as temperatures rose from 20 to 35 °C.  Similarly, 
increased air temperatures nearly doubled the evapotranspiration rate in primocane-fruiting 
cultivars Heritage and Reville, resulting in an increased soil-moisture requirement and 
delayed growth response, supporting the theory that primocane red raspberries are a heat-
sensitive crop (Crandall and Daubeny, 1990; Heide and Sonsteby, 2011; Stafne et al., 2001). 
Root-zone temperature 
Various reports have identified root-zone temperature as a limiting factor for plant 
growth (Hoppula and Salo, 2007; Wielgolaski, 1999). While reports on optimum root-zone 
temperature vary, primocane root growth and expansion of shoot growth the following year 
is influenced by cool root-zone temperatures in autumn (Jennings, 1988). Researchers 
reported that high-tunnel production also can increase primocane sensitivity to increased 
root-zone temperatures (Hoover et al., 1989). Although increased root-zone temperatures 
promotes early season production (Demchak, 2009), root-zone temperatures greater than 16 
°C inhibit cane elongation, decrease plant assimilation rate, and contract shoot growth the 
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subsequent year (Jennings, 1998; Privé et al., 1993). An additional report suggests that fruit 
quality is reduced as root-zone temperatures exceed 16°C (Privé et al., 1993).  
A study by Privé (1991) indicated that reduced growth and yield may be due to the 
increase of water loss and decreased soil moisture content from high root-zone temperatures. 
Organic mulches such as straw or hay lower root-zone temperature, while at the same time, 
increasing the moisture content of the soil in various fruit crops (Teasdale and Mohler, 1991; 
Jett, 2011). The contribution of increased soil moisture due to decreased root-zone 
temperature improves not only fruit size and yield, but also influences net photosynthetic and 
root respiration rates of many fruit crops (Hoppula and Salo, 2007; Percival et al., 1996).  
High-tunnel photosynthetically active radiation 
One of the most important environmental factors to affect photosynthetic capacity in 
plants and their growth is PAR (Jiang et al., 2011; Percival et al., 1996). PAR can be defined 
as the amount of radiant light that falls upon a surface (Hopkins and Huner, 2004). 
Specifications for PAR in plant systems and a plants tolerance to high or low PAR conditions 
are regulated by the biochemical mechanism used for carbon fixation (Percival et al., 1996). 
Identified as a C3 species, Rubus idaeus taxa are restricted as a consequence of high PAR due 
to the metabolic process of carbon partitioning (Percival et al., 1996).  
While an increased PAR and high temperature increase the photosynthetic rate of C4 
species, the reverse effect takes place in C3 species, leading to stomatal closure, reduction of 
CO₂ uptake, and the advancement of photorespiration (Hopkins and Huner, 2004). The 
regulation of PAR signals and the anatomical features of C3 plant species govern the 
photosynthetic capacity, in addition to regulating the leaf structure (Jiang et al., 2011). 
However, research demonstrates that the photosynthetic capacity of C3 plants is saturated at 
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low PAR of 500 to 600  mol m       ˡ (Percival et al., 1996; Taiz and Zeiger, 2006), 
rendering large, thin leaves with low stomatal conductance and density (Boardman, 1977; 
Evans and Poorter, 2001). In addition, because PAR of 600  mol m       ˡ  is required for 
photosynthetic saturation, increased PAR to the physical raspberry environment renders a 
reduction of the net carbon exchange rate causing an increased respiration rate of plant tissue 
(Percival et al., 1996).  
Low PAR levels required for photosynthetic saturation also influence yield potential 
of primocane raspberries (Braun and Garth, 1984; Oliveira et al., 2004). In general, 
primocane raspberries initiate flowers at the time of the year when temperature and PAR tend 
to be the highest (Carew et al., 2003). During floral initiation, typically in July and August in 
the North Central Region of the United States, PAR may reach up to 2000  mol m  ²·   ˡ. 
Researchers reported that PAR greater than 600  mol m  ²·   ˡ and photosynthetic saturation 
may result in pre-mature bud dormancy and decreased fruit quality and weight of primocane 
raspberries (Oliveira et al., 2004; Remberg et al., 2010). While raspberry fruits generally 
require 30 to 35 days to mature after pollination (Barney et al., 2007), increased PAR above 
the light compensation point delayed time-to-ripening of primocane fruiting cultivars 
(Oliveira et al., 2004).  
Alternate management practices 
Attaining management strategies for optimal physical and environmental conditions 
should be considered for maximized plant growth and yield potential. Recent studies have 
shown that ventilation alone does not provide adequate temperature reduction in high-tunnels 
in the summer months (Jett, 2011; Wien, 2009), such as those that occur in the North Central 
Region. Various reports have suggested alternate strategies to decrease PAR and air- and 
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root-zone temperature in high-tunnel systems including manipulating photoperiod, altering 
cane density, modifying cane pruning dates, utilizing shadecloth, and applying organic mulch 
to the soil (Carew et al., 2003; Dale et al., 2005; Jett, 2011; Oliveira et al., 1998).  
Shadecloth containing a 30% to 70% shade factor has been implemented to modify 
temperature and PAR within greenhouse and high-tunnel production systems (Jett, 2011; 
Lopez and Runkle, 2006). Specifically, Willits (2003) found that shadecloth with a shade 
factor of 50% effectively cooled air- and root-zone temperature of a controlled environment, 
in addition to aiding in the reduction of PAR. While the exact decrease in PAR and 
temperature from shadecloth is variable among shade factors of 30% to 50% (Jett, 2011), 
manipulating PAR and air temperature during the summer months may advance flowering 
and fruiting of primocane raspberries and enhance primocane growth and development 
(Oliveira et al., 2004).  
Despite the advantages of manipulating PAR of the physical environment, excessive 
shading due to overly dense canopies reduces primocane flower bud initiation, suppresses the 
number of flowering laterals developed distally, and decreases overall fruit yield (Barney et 
al., 2007; Oliveira et al., 2004). Further research is needed in defining the exact decrease in 
PAR and temperature from a target shade factor of 50%, while still providing adequate cane 
light interception and optimal growing conditions of the controlled environment.  
Historically, nonliving mulches, including types of organic straw, are used to control 
weed pressure, minimize erosion, contribute nutrients, and improve soil moisture (Chalker-
Scott, 2007; Hostetler et al., 2007; Teasdale and Mohler, 1991). Investigators also have noted 
that organic mulches are capable of decreasing average root-zone temperature in various 
perennial crops, in addition to moderating root-zone temperature extremes (Teasdale and 
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Mohler, 1991; Watson and Kupkowski, 1991). The utilization of nonliving mulch for root-
zone temperature management improved fruit size, yield, and leaf area of strawberry 
(Hoppula and Salo, 2007).   
With the increased demand for local and regional food markets and the needed 
expansion of the harvest season, further research is needed on maximizing primocane 
raspberry production within controlled environments of the North Central Region (Geisler 
and Isaacs, 2012). Despite widespread findings, no recognized assessment has been made 
linking increased temperature and PAR with the growth and development of red raspberry 
primocane in a high-tunnel environment.  
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Abstract 
 
The influences of irradiance (photosynthetically active radiation, PAR) and root-zone 
temperature on vegetative growth and flowering responses of primocane Rubus iadaeus L. 
(red raspberry) ‘Autumn Britten’ were examined. Dormant, one-year-old crowns were 
planted in 2012, under polyethylene-covered tunnels. Crowns grew in either bare ground or 
with Panicum virgatum L. (switchgrass) mulch ground-cover. Shadecloth with a 33% shade 
factor was applied in early June and removed when weekly mean PAR fell below 600 
μmol·m  ²·   ¹ in late September in both years of production. Shadecloth with the tunnel 
plastic-covering reduced mean PAR by an average of 49% over both years of the experiment. 
Root-zone temperatures were consistently higher in tunnels without mulch, and reduced from 
open-field in the presence of mulch, with or without the addition of shadecloth. Root-zone 
temperature affected primocane growth and cane architecture more than PAR. Primocane 
height and adventitious lateral count were optimized by reducing PAR and root-zone 
temperature before terminal bud formation. Increased fall root-zone temperature reduced 
cane density and shoot growth at the start of the next production year. Associations of 
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increased cane density, leaf area, leaf count, flower lateral count, flower lateral length, and 
quantity of flowers produced per lateral were found between mean open-field root-zone 
temperature differences of -0.7 to 1.0 °C. Root-zone temperatures most similar to open-field 
showed positive correlation of increased production of flowers per lateral with flower lateral 
length. This study provides additional information about climatic effects have the greatest 
effect on primocane red raspberry growth. It also provides insight about manipulation 
techniques to optimize primocane raspberry growth in tunnel environments located in the 
North Central Region of the United States.  
 
 
 
An increasing focus on growing primocane red raspberries in high-tunnels has 
occurred recently (Demchak, 2009). Research has shown benefits of growing primocane-
fruiting red raspberries (primocane raspberries) in protected-tunnel environments that result 
from improved climatic conditions (Carew et al., 2003; Remberg et al., 2010; Pritts, 2008). 
Primocane raspberry growth was optimized by regulating irradiance (photosynthetically 
active radiation, PAR) and root-zone temperatures in the tunnel environment (Oliveria et al., 
2004; Percival et al., 1996).   
Anatomical features such as cane and leaf structure are influenced by the regulation 
of PAR (Hopkins and Huner, 2004; Jiang et al., 2011). Photosynthetic saturation of Rubus 
idaeus taxa occurs at low PAR of 500 to 600 μmol·m  ²·   ¹ (Evans and Poorter, 2001; 
Oliveria et al., 2004). Peak primocane red raspberry production of protected tunnel 
environments in the North Central Region (Illinois, Indiana, Iowa, Kansas, Michigan, 
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Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin) of the 
United States occurs when PAR is the highest, causing induced dormancy and reduced shoot 
growth (Carew et al., 2003). In addition, PAR greater than 600 μmol·m  ²·   ¹ adversely 
affects primocane growth and alters the quantity of flowering laterals distally down the cane 
(Barney et al., 2007; Braun and Garth, 1984; Oliveria et al., 2004).  
Root-zone temperatures is a limiting factor for plant growth of various fruit crops 
(Wielgolaski, 1999; Hoppula and Salo, 2007). The advancement and extension of increased 
root-zone temperatures from high-tunnel production increases primocane red raspberry 
sensitivity to increased root-zone temperature (Hoover et al., 1989). Privé et al. (1993) found 
root-zone temperatures greater than 16 °C decreased root and shoot growth and may have 
inhibited cane elongation of primocane-fruiting cultivars. The extension of increased root-
zone temperature in the fall also may limit shoot growth the subsequent year, and thus, 
potential reduction of production (Atkinson, 1973).  
 As a result of increased demand for out-of-season raspberries, production of 
primocane red raspberries grown in high-tunnels in the North Central Region has increased 
in the past decade (Heide and Sonsteby, 2011). While the ease of seasonal manipulation 
provided by high-tunnels has stimulated production, the effects of increased PAR and root-
zone temperature from the warmer climate of the North Central Region are not understood 
completely. Research linking the critical factors of increased PAR and root-zone temperature 
in North Central Region climates with the growth characteristics of primocane red 
raspberries is limited. To overcome the challenges of manipulated environments in the North 
Central Region, our objectives were to (1) assess the relationship between PAR and root-
zone temperature and what impact they have on primocane growth and development, and (2) 
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evaluate the efficacy of shadecloth in reducing PAR and root-zone temperature during high-
tunnel primocane red raspberry growth and development, and (3) to determine the potential 
of soil mulch in reducing temperature of high-tunnel primocane red raspberry at the root-
zone depth. 
 
Materials and Methods 
Experimental method 
We conducted our experiment at the Iowa State University (ISU) Horticulture 
Re earch Station (lat. 42°06’30” N; long. 93°35’08” W), in rural Ames, IA. Soil samples 
indicated a Clarion loam soil series (Soil Survey Staff, 2013) consisting of 3.6% organic 
matter and having a pH of 6.5. A planting of day-neutral Fragaria Xananassa (strawberry) 
preceded site establishment (2010 and 2011).  Three identical tunnel structures (11.0 x 4.3 m) 
covered with one layer of 6-ml polyethylene were utilized (FarmTek, Dyersville, IA).   
Dormant, one-year-old canes of primocane red raspberry ‘Autumn Britten’ (Nour e 
Farms, South Deerfield, MA) were planted 18 April 2012 in beds 9.1 m long and 61 cm wide 
in open-field and under tunnel structures. Canes were spaced 46 cm apart within rows and 
120 cm between rows. Raspberry canes were trained on a temporary T-trellis, with twine 
located at heights of 90 and 180 cm. Plants were watered and fertilized by trickle irrigation at 
recommended rates (Bushway et al., 2008). At planting, dried Panicum virgatum L. 
switchgrass mulch (Armstrong Research Farm, Lewis, IA) was applied to a depth of about 
15-cm. Before treatment application, tunnel polyethylene-covering exhibited a 17% PAR 
reduction as measured with a quantum sensor (LI-190) data logger (LI-1400) (LI-COR Inc., 
Lincoln, NE).   
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Experimental design and treatments 
A split-plot, randomized complete block design was used. White shadecloth that 
provided 33% shade factor (Hummert International, Springfield, MO) was installed on 1 June 
2012 and 3 June 2013 under the polyethylene-plastic covering, resulting in 50% target 
reduction of PAR, as suggested by Willits (2003). Whole plot treatment of 33% shadecloth 
was assigned randomly to three replicated tunnels, creating a block effect of either tunnel 
plastic covering alone (tunnel alone) or tunnel plastic with the addition of 33% shadecloth 
(tunnel and shadecloth). This produced either a 17% reduction of PAR with tunnel alone or a 
50% PAR reduction from tunnel plastic and the addition of 33% shadecloth. Shadecloth was 
removed 23 Sept. 2012 and 30 Sept. 2013, when average weekly PAR decreased below 600 
μmol·m  ²·s  ¹. Split-plot treatment of switchgrass mulch was assigned randomly to whole plot 
treatments of tunnel alone (tunnel alone plus mulch) and tunnel and shadecloth (tunnel and 
shadecloth plus mulch). Whole and split-plot treatment designations were repeated in the 
second season.  
Measurements 
Root-zone temperatures were recorded under whole- and split-plot treatments of high-
tunnel and were compared to open-field, at root-zone depth of 10.2-cm with WatchDog™ B-
Series Temperature Loggers (Spectrum Technologies, Plainfield, IL). Temperature was 
recorded at 60-min intervals and averaged over each 24-hr period.  
To determine PAR reduction of tunnel plastic, PAR was measured weekly, at 12:00 
ᴘм at three randomly selected locations under whole plot treatments of tunnel and shadecloth 
with an a LI-190 quantum sensor, and LI-1400 data logger (LI-COR Inc., Lincoln, NE ). 
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Canopy light interception was measured at plant canopy heights of 30 and 90 cm using an LI-
191 line quantum sensor (LI-COR Inc. Lincoln, NE), and was quantified as canopy density.  
Data on total cane height, leaf count, and lateral count were collected at the end of the 
harvest period from five randomly selected canes in 2012. In 2013, three random canes were 
selected from each treatment to measure cane height, leaf count, vegetative and flower lateral 
count, flower lateral length, and the number of flowers produced per cane. Leaf area per cane 
was quantified with a LI-3100C Area Meter (LI-COR Inc., Lincoln, NE) in both years of the 
experiment. A portable soil plant analysis development meter (SPAD-502, Spectrum 
Technologies, Aurora, IL) was used to measure the indexed chlorophyll content reading from 
leaves of three random canes at varying cane development stages, per treatment, and readings 
were averaged over the two growing seasons.  
Data analyses 
Data were  ubjected to Fi her’  protected lea t  ignificance difference te t, from 
analysis of variance, and means were separated at P ≤ 0.05 (SAS, Ver ion 9.3; SAS In titute, 
Cary, NC). A Type III test of fixed effects was performed using Satterthwaite approximation 
of standard errors, for the correction of degrees of freedom and unequal variances in multiple 
comparisons. Regression analysis was used to evaluate the impact fruiting lateral architecture 
(length) had on the quantity of flowers produced per lateral.   
 
Results 
Environment 
 Maximum seasonal field-PAR of 2067  mol m       ˡ occurred on 26 July 2012, 
whereas maximum field-PAR in 2013 only reached 1914  mol m       ˡ on 12 July. Seasonal 
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PAR from tunnel polyethylene plastic ranged from 1683 to 727  mol m       ˡ in 2012, and 
1574 to 735  mol m       ˡ in 2013.  Shadecloth with polyethylene-covering exhibited a 49% 
rradiance reduction under maximum PAR intervals in 2012 and 2013, but decreased to 32% 
and 41% reduction at the end of the seasons, respectively, as shown in Fig. 1.  
 For the first four weeks of tunnel production in 2012, root-zone temperatures were 
greater than field conditions in all whole and split-plot treatments (Fig. 2A). July root-zone 
temperatures with mulch in tunnel environments were 3 to 4 °C cooler than the open-field. 
Adding shadecloth to mulch provided an additional 1 °C root-zone temperature reduction 
during the same period. Root-zone temperatures with the split-plot treatment of mulch 
resumed similarity of open-field conditions in August and September. Compared to open-
field, an increase in root-zone temperature consistently occurred in the tunnel alone 
treatments, with seasonal mean increase of 2 °C. Root-zone temperatures of tunnel and 
shadecloth were 1.5 to 3.7 °C higher than open-field during June, August, and September, 
but were only slightly lower than open-field in July.  
 In 2013, root-zone temperature differences from open-field had less variability across 
whole and split-plot treatments (Fig. 2B). Root-zone temperatures were consistently greater 
than open-field in the absence of mulch, with root-zone temperatures 0.6 to 1.6 °C and 2.1 to 
3.2 °C higher than open-field, in tunnel and shadecloth, and tunnel alone, respectively. 
Adding mulch to the tunnel alone environment reduced root-zone temperature compared to 
open-field in the first four weeks and again during the last two weeks of production, with 
mean reduction less than 0.5 °C. Tunnel and shadecloth with soil mulch provided the greatest 
root-zone temperature reduction from open-field conditions, reducing root-zone temperature 
up to 1.9 °C.  
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Growth responses 
In 2012, the use of soil mulch increased primocane cane height and adventitious 
lateral count in the presence of shade (Table 1). There was no effect on primocane height or 
adventitious lateral count in the absence or presence of mulch when shadecloth was not used. 
Primocane height and adventitious lateral count were unaffected by treatments in the second 
year of production, and an overall reduction in final cane height was recorded among all 
treatments in 2013. No differences were found between leaf count and area in 2012. Mulch 
increased leaf count in the absence of shade and decreased leaf count in the presence of shade 
in the second year of production (2013). Leaf count was similar with either whole plot 
treatment of shadecloth in the absence of mulch. Leaf area was greatest in the absence of soil 
mulch with reduced PAR than with any other treatment. Mean leaf sizes of 33, 22, and 19 
cm² with tunnel and shadecloth, tunnel and shadecloth plus soil mulch, and tunnel alone 
treatments, respectively, were observed.  
Soil mulch decreased flower lateral count in the presence of shadecloth, but had no 
effect on flower lateral count when grown under increased PAR. Both the absence and 
presence of whole and split-plot treatments reduced flower lateral length. Flower lateral 
length nearly doubled in reduced PAR when no mulch was used. The quantity of flowers 
produced per lateral was similar with either whole plot treatment in the absence of mulch, but 
was greatest with soil mulch without the manipulation of PAR. No treatment effects on plant 
chlorophyll content were observed in either production years, with a decrease in SPAD from 
year one to year two (Table 2).  
Lateral lengths of primocane red raspberry ‘Autumn Britten’ were correlated 
negatively with the quantity of flowers produced per lateral when the control and full 
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treatments were used, but the data were inconclusive (Fig. 3A and D). While there was a 
positive correlation with lateral length and quantity of flowers produced per lateral under 
increased PAR and the presence of mulch, but was inconclusive at a 95% confidence level 
(Fig. 3B). Increased lateral length had a positive correlation with the quantity of flowers 
produced per lateral when plants were grown under decreased PAR without the presence of 
soil mulch (P ≤ 0.05) (Fig. 3C).  
Canopy density 
 Canopy PAR interception gradually decreased as plant canopy cover increased across 
growing seasons (Fig. 4A and B). During 2012, no differences of PAR interception were 
found (Fig. 4A). Compared to the first year of production, initial seasonal PAR interception 
was reduced by 210  mol m       ˡ to 412 in 2013. Differences in canopy development among 
treatments occurred during July 2013, where tunnel and shadecloth without soil mulch 
increased cane density (Fig. 4B). Differences in canopy development among treatments 
gradually disappeared in August, and PAR interception from increased cane density was 
further reduced in treatments with shadecloth on 6 Sept. Decreased PAR from tunnel and 
shadecloth treatments provided the lowest degree of canopy PAR interception at the end of 
the season, but no differences were found among treatments on that date.  
 
Discussion 
While the effect of air temperature on primocane growth and development of 
raspberry has been extensively studied, this is the first report on the manipulation of PAR and 
root-zone temperature of high-tunnel primocane red raspberries in the North Central Region. 
Root-zone temperature had a larger effect on the vegetative and developmental components 
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of primocane red raspberry, while differential PAR had inconsistent effect on these 
components.  
As proposed by Clark (1940), root-zone temperature extremes of field grown 
‘Latham’ and ‘Ranere’ ra pberry can be successfully modified by mulch. Consistent with 
findings by Wien (2009), root-zone temperatures were greater in the tunnel than in the field 
at the beginning of the season. Although shadecloth and shade screens have been integrated 
in tunnel culture to mitigate temperature variation (Wien, 2009), the use of soil mulch was 
most beneficial in regulating root-zone temperature fluctuation. 
Reports suggested that root-zone temperature limits successful plant growth for 
strawberry and perennial plant species (Hoppula and Salo, 2007; Wielgolaski, 1999). 
Whereas Prive´ et al. (1993) found that increased root-zone temperature may have a positive 
influence on cane height and a negative influence on fruiting lateral count, our results 
indicated the opposite. In 2012, climatic extremes caused root-zone temperatures in all 
treatments to exceed field conditions at the beginning of the season. The application of mulch 
reduced mid-to-late season root-zone temperature once field root-zone temperature fell below 
28 °C.  
Root-zone temperature differences in 2013 fluctuated less between treatments due to 
cooler climatic conditions of the field. Treatment combination of shadecloth and soil mulch 
was the only treatment to consistently reduce root-zone temperature below field conditions in 
2013. The effort to modify the extreme root-zone temperatures among the two seasons was 
best achieved with the combination of mulch and reduced PAR.  
Cane height and adventitious lateral count were greatest with mulching in 2012 
(Table 1). This was likely due to the association of cane vigor with carbohydrate supply, 
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providing a higher source relationship when canes were grown in reduced root-zone 
temperature during the beginning of production (Crandall et al., 1974). Similar to findings by 
Heide and Sonsteby (2011) and Sonsteby and Heide (2009), shoot growth stopped with the 
formation of terminal flowers, and cane height did not increase with reduced root-zone 
temperatures later in the summer when the source-sink relationship changed. In comparison, 
reduced spring root-zone temperatures caused by mulching and shadecloth provided no 
benefit in increasing cane height, adventitious lateral production, and leaf count in 2013, and 
had a negative effect on flower lateral development. Increased flower lateral development 
occurred with root-zone temperatures most similar to the field, suggesting that optimal root-
zone temperature is above 20 °C rather than 16 °C, as suggested by Privé et al. (1993). While 
mulch may be beneficial to growth by keeping the root-zone temperature lower when 
climatic root-zone temperatures are elevated, such as the spring of 2012, reduced root-zone 
temperatures may hinder growth in prolonged cool conditions, such as those that occurred in 
2013.  
Shadecloth containing a 30% to 70% shade factor have been implemented heavily to 
modify temperature and PAR within greenhouse and tunnel production systems (Jett, 2011; 
Lopez and Runkle, 2006). The role of PAR on the growth parameters of primocane red 
raspberries has been up for debate in recent years. Increased PAR during peak solar 
conditions enhances primocane growth, but decreases berry number (Prive´ et al., 1993), and 
hence, the number of flowers produced per lateral. In contrast, Oliveira et al. (2004) found 
that differences in the production of flowers are due to the differential levels of PAR 
throughout the season. Differential PAR conditions provided inconsistent effects of plant 
cane height, adventitious lateral count, leaf count, leaf area, and flower lateral count.  
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Because shoot growth ceases with the formation of the terminal flower at the shoot 
apex, Heide and Sonsteby (2011) claimed that leaf count, or final leaf number, can be used as 
an index of vegetative growth rate of the canes. The reduction of leaves subtending the canes 
advanced flowering characteristics in the primocane raspberry cultivar Polka (Sonsteby and 
Heide, 2009), but our results indicated that reduced leaf count was associated with a 
reduction flower lateral length, flower lateral count, and the number of flowers produced per 
lateral in ‘Autumn Britten’. Physiological traits not only differ between annual- and biennial- 
bearing types but may also exist between cultivars (Carew et al., 2000; Sonsteby and Heide, 
2009).  
Opposed to Jennings (1998), shorter cane height did not result in increased 
production of flowers (2013). As PAR was reduced in tunnel environments, a strong positive 
correlation was found between flower lateral length and the quantity of flowers produced per 
lateral (Fig. 3). When mulch was added to the reduction of PAR, a negative correlation of 
flowers produced per lateral was found (Fig. 3 D). Despite previous findings by Oliveira et 
al. (2004), PAR may not be the limiting factor for growth, but it is an influential component 
of plant growth and development.  
Because temperature is thought to alter the architecture of the canes, an increase in 
the total number of flowers produced, quantity and length of flowering laterals, and position 
of flowering laterals developed basipetally down the cane should have resulted from 
increased PAR and root-zone temperatures (Sonsteby and Heide, 2009). While the proportion 
of flowering laterals and flower lateral length increased with increased root-zone 
temperatures and reduced PAR (tunnel and shadecloth) in the absence of mulch, increasing 
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root-zone temperature 2 °C or more above field conditions hindered flower lateral production 
in the tunnel alone (Fig. 2; Table 1).   
Leaves were larger on plants grown with shade than with tunnel plastic alone, 
supporting the theory that shade increases plant canopy due to decreased PAR interception 
(Boardman, 1977). Opposed to Barney et al. (2007), shading of overly dense canopies in 
shade (tunnel and shadecloth) and tunnel (tunnel alone) plus mulch did not reduce the 
number of flowering laterals developed distally down the cane (Table 1). Increased 
production of flowers per lateral also was influenced by extended flower lateral length in all 
treatments but shade plus mulch (Fig. 3). The quantity of fruiting laterals produced per cane 
and the number of flowers per lateral are the two most influential factors in determining total 
yield (Barney et al., 2007). Because increased flower lateral length was observed in 
treatments of increased quantity of flowering laterals and flowers produced per lateral, we 
also could associate increased flower lateral length as an influential developmental factor in 
determining yield. It is likely that the measurement of flower lateral length, in addition to 
flower lateral count, may be the parameters to evaluate predicted berry production (Remberg 
et al., 2010; Sonsteby et al., 2009).  
Greater PAR resulted in canopies of the lowest cane densities (Fig. 4) (Oliveira et al., 
2004). Reduced fall root-zone temperatures in the first year of production increased cane 
density and shoot growth the following spring (Atkinson, 1973). Once root-zone 
temperatures remained at 20 to 30 °C, differences in cane density became analogous and a 
similar decline of growth was seen among all treatments in 2013 (Carew et al., 2003; Heide 
and Sonsteby, 2011). As high cane densities are often associated with decreased production 
of flowers per cane (Oliveira et al., 2004), differences in cane densities no longer were 
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evident at the end of both production seasons, and therefore, should not be associated with 
reduced flower production.  
Consistent with Percival et al. (1996), lower PAR of the protected environment in 
2012 provided the greatest variation of split-plot treatment effects on primocane health, 
indicating indexed an chlorophyll content difference of 2.0 (Table 2). Comparable variations 
of SPAD readings were recorded in 2013 among split-plot treatments under different PAR 
conditions, indicating that a different climatic parameter such as root-zone temperature, 
rather than PAR, has a greater influence on plant indexed chlorophyll content.    
Conclusions 
Climate change has been a topic of increased focus for the past 30 years. Of the topics 
in focus, changes in annual rise of temperature, extreme in precipitation, and increased 
humidity pose plant growth concerns. Annual average temperatures have increased steadily 
since 1873 in North Central Region states, including Iowa. Abbreviated stages of plant 
development as a result of extreme seasonal variations, increased humidity, and changes in 
day-night temperature are suggested to increase plant vulnerability to extreme climatic 
conditions during pollination and fruit set (Takle, 2011). Rising nighttime temperatures have 
offset the decline of daytime summer temperatures, which have been suggested to increase 
night-plant respiration and decrease overall plant growth and yield (Karl et al., 2009). 
Climatologists are predicting increased temperature variability of the North Central Region 
in future years, but a lower warming rate compared to other regions of the United States 
(Takle, 2011). Climate change will be a continuing factor for long-term high-tunnel raspberry 
management decisions.   
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Increased greenhouse gas concentrations have also led to the change of cloud cover 
and atmospheric carbon dioxide. Observations of increased cloud cover have decreased 
surface solar radiation in central Iowa and along the Mississippi River Basin in the past four 
decades (Qian et al., 2007; Takle, 2011). The trend of reduced surface solar radiation is 
predicted to continue (Takle, 2011), which is consistent with our PAR data taken from 2012 
to 2013. Whereas increased atmospheric carbon dioxide enhances crop growth of C3 plants, 
such as the raspberry, future decrease in surface solar radiation may benefit plant 
photosynthetic capacity (Percival et al., 1996; Taiz and Zeiger, 2006).  
Differential climatic elements accounted for most of the vegetative growth variability 
for the primocane red raspberry, with root-zone temperature as the most influential element 
(Oliveira et al., 2004; Privé et al., 1993). Our results indicate that primocane height and 
canopy density are best optimized by reducing PAR and root-zone temperature early in the 
growing season. Growth characteristics of leaf count, leaf area, flower lateral count, flower 
lateral length, and the number of flowers produced per lateral are more dependent upon the 
moderation of root-zone temperatures throughout the season, rather than increased root-zone 
temperatures in the spring and decreased root-zone temperatures in the fall. Research has 
documented thoroughly the use of mulch for the moderation of root-zone temperatures across 
the season (Clark, 1940; Teasdale and Mohler, 1991).  
While primocane red raspberries respond in ways that could offset negative growth 
changes to prevent yield loss (Barney et al., 2007), our research found that primocanes did 
not compensate flower production for changes in growth. If the internode length is increased 
as a result of shading, for example, the reduced number of nodes produce multiple fruiting-
laterals instead of one (Barney et al., 2007).  
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Increased cane height can be associated with increased adventitious lateral count, and 
increased leaf count and leaf area can be associated with increased flower lateral count, 
length, and flowers produced per lateral. Similar associations were found with increased 
flower lateral length and flower production of the primocane-fruiting raspberry cultivar Polka 
(Sonsteby and Heide, 2009). This study provides new information about the effect of root-
zone temperature on primocane red raspberry growth and gives insight to basic manipulation 
techniques for modification of the tunnel environment to optimize primocane raspberry 
development in the North Central Region of the United States.  
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Table 1. Growth characteri tic  of primocane red ra pberry ‘Autumn Britten’ produced in high-tunnels in 2012 and 2013. Data 
represent means of three pooled high-tunnels across whole plot treatments of tunnel and shadecloth and split-plot treatments of no 
mulch and mulch.  
ᶻData not collected in 2012. Three randomly selected canes were collected from each treatment in 2013. Average total flowers 
produced per cane were divided by the total flower lateral count to obtain flowers per lateral.  
ʸTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% (17% from tunnel and 33% from 
shadecloth) PAR reduction. 
ˣFrom analysis of variance using PROC MIXED multitreatment compari on  with Fi her’  protected least significance difference test. 
Means followed by the same letter within columns are not different from one another; 
NS = not significant.  
Treatment 
Height  
(cm) 
Adventitious 
lateral count 
Leaf count 
Leaf area  
(cm²) 
Flower 
lateral 
countᶻ 
Flower 
lateral length 
(cm)ᶻ 
Flowers 
per 
lateralᶻ 
2012 2013 2012 2013 2012 2013 2012 2013 2013 2013 2013 
Tunnel aloneʸ 
          
 
No mulch 111.2ˣ ab   96.0  56.9 ab 25.7 151.5  174.4 ab 3262 3361 b 19.9 ab 10.1 b 7.5 ab 
 
Plus mulch 129.7 ab  118.3  47.8 ab 36.1 192.3 288.6 a 3910 5599 b 23.1 ab 14.2 ab 9.3 a 
Tunnel and  
shadecloth 
          
 
 
No mulch 106.2 b 118.2  31.5 b 38.0 109.1  269.0 ab 2878 8538 a 24.3 a 16.7 a 8.1 ab 
 
Plus mulch 158.3 a 100.2  94.5 a 23.1 201.0 159.8 b 4975 3491 b 13.6 b    8.0 b 6.1 b 
P ≤ 0.05   * NS * NS NS * NS * * * * 
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Table 2. Seasonal chlorophyll content (SPAD) readings of primocane red raspberry ‘Autumn 
Britten’ taken from leaves of three randomly selected canes per treatment in 2012 and 2013. Data 
represent means of three pooled high-tunnels across whole plot treatments of tunnel and 
shadecloth and split-plot treatments of no mulch and mulch.  
 
 
 
 
 
 
 
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% 
(17% from tunnel and 33% from shadecloth) PAR reduction. 
ʸMeans followed by NS (not significant) within columns are not different from another, from 
PROC MIXED analysis of variance using Fi her’  protected lea t  ignificance difference.   
 
 
  
Treatment 2012 2013 
Tunnel aloneᶻ   
     No mulch 39.3ʸ 29.6 
     Plus mulch 39.3 34.5 
Tunnel and shadecloth   
     No mulch 39.5 35.0 
     Plus mulch 37.5 30.1 
P ≤ 0.05 NS NS 
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Figure Captions 
Fig 1. Seasonal field and high-tunnel PAR ( mol m       ˡ) acro   whole plot treatments of tunnel 
and shadecloth (17% + 33% shadecloth), recorded at two-week intervals, at 12:00 ᴘм. Dashed 
lines represent data recorded in 2012, and solid lines represent data recorded in 2013.  
Fig. 2. Mean root-zone temperature at a depth of 10.2-cm, from whole plot treatments of tunnel 
(tunnel alone) and shadecloth (tunnel and shadecloth), and split-plot treatments of mulch (tunnel 
alone + mulch, and tunnel and shadecloth + mulch) in 2012 (A) and 2013 (B). Data represent 
daily means of three pooled high-tunnel replications compared to open-field production. 
Temperature was recorded at 60 min intervals in a 24 hr period, and averaged over two weeks. 
Bars above root-zone temperature means indicate LSD among two week interval dates.      
Fig. 3. Correlation of flower lateral length and flowers produced per lateral, separated by main 
and split-plot treatment combinations of tunnel alone, no mulch (A), tunnel plus mulch (B), 
tunnel and shadecloth, no mulch (C), and tunnel and shadecloth, plus mulch (D). Data represent 
means of three pooled high-tunnels across treatment replications. 
NS 
(not significant) and * 
indicate correlation coefficients with no significance and P ≤ 0.05, respectively.   
Fig. 4. Mean PAR ( mol m       ˡ) of primocane red raspberry plant canopy interception among 
whole-plot treatments of tunnel (tunnel alone) and shadecloth (tunnel and shadecloth), and split-
plot treatments of mulch (tunnel alone + mulch, and tunnel and shadecloth + mulch) in 2012 (A) 
and 2013 (B). Data represent means of three pooled high-tunnel replications, recorded seven 
times across the season. Means recorded in 2012 (A) were not different from one another (P ≤ 
0.05); 
NS 
= not significant. Means in 2013 (B) with the same letter, within dates, are not different 
from one another by Fi her’  lea t  ignificance difference, u ing PROC MIXED.  
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CHAPTER 3: PHOTOSYNTHETICALLY ACTIVE RADIATION AND ROOT-ZONE 
TEMPERATURE EFFECTS ON HIGH-TUNNEL ‘AUTUMN BRITTEN’ YIELD  
A paper to be submitted to HortScience 
 
Leah B. Riesselman and Gail R. Nonnecke 
 
Additional index words. photosynthetically active radiation, high-tunnel, primocane, shadecloth, 
nonliving mulch, floral-bud initiation, budbreak, petal fall, soluble solids concentration, pH 
 
Abstract 
The influence of irradiance (photosynthetically active radiation, PAR) and air- and root-
zone temperature on yield components, timing of floral bud development, and berry quality of 
Rubus iadaeus L. ‘Autumn Britten’ were examined. Plants were grown under three identical 
polyethylene-covered tunnels for two seasons, in either bare soil or soil with a nonliving 
Panicum virgatum L. (switchgrass) mulch ground-cover. A white shadecloth with a 33% shade 
factor was applied in early June and removed in late September when PAR fell below 600 
μmol·m  ²·   ¹, in both years. Root-zone temperature was the most influential climatic parameter, 
accounting for 71% variability of yield in year two, followed by PAR (29%), and air temperature 
(0%). Optimizing yield in high-tunnels in the North Central Region is dependent upon achieving 
the right root-zone temperature variation and maintaining root-zone temperatures at 20 to 25 °C, 
with 41% and 49% yield reduction from root-zone temperatures above and below this range, 
respectively. The combination of increased PAR and root-zone temperature had no effect on 
berry quality. Timing of flower development was not impacted by air- and root-zone temperature 
or PAR, but time-to-ripening decreased by one day up to 23 °C air temperature. These responses 
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suggest that manipulating the tunnel root-zone temperature between petal fall and first harvest 
provides growers a method to optimize yield of primocane-fruiting red raspberry in high-tunnel 
environments of the North Central Region of the United States.  
 
 
 
Improved climatic conditions of protected-tunnel environments for fruit and vegetable 
production have been the focus in recent years (Carew et al., 2003; Remberg et al., 2010; Stafne 
et al., 2001). Primocane red raspberries benefit from microclimates provided by high-tunnels 
(Domoto et al., 2009; Pritts, 2008), with an advantage of extending the production season by 
50% (Demchak, 2009; Heidenreich et al., 2012). In addition, primocane red raspberry fruit 
production was optimized by increased air- and root-zone temperatures (Sonsteby and Heide, 
2008).  
Despite the advantages, optimal primocane red raspberry production is dependent on air- 
and root-zone temperatures of the tunnel environment (Bushway et al., 2008; Prive´ et al., 1993).   
Premature bud dormancy, delayed time-to-ripening, and reduced fruit quality and yield result 
from less than optimal air- and root-zone temperature (Hoover et al., 1989; Privé et al., 1993). 
Time-to-flowering of primocane cultivar Autumn Bliss decreased as air temperature increased 
from 15 to 24 °C (Carew et al., 2003).  Berry weight and overall yield also decreased as air 
temperature increased beyond the mid-20s °C (Oliveira et al., 2004; Remberg et al., 2010).  
 Development of primocanes is also sensitive to optimum root-zone temperature 
(Jennings, 1988). Privé et al. (1993) found reduced berry weight with root-zone temperatures 
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greater than 16 °C. Similar reports stated improved fruit size and yield result from decreased 
root-zone temperature in strawberry (Hoppula and Salo, 2007).  
Primocane-fruiting red raspberries initiate flowers when irradiance (photosynthetically 
active radiation, PAR) is the greatest (Carew et al., 2003). Research has found that timing of 
floral-bud initiation and yield in primocane red raspberry production are impacted negatively by 
increased PAR greater than 600 μmol·m  ²·   ¹ (Braun and Garth, 1984; Oliveira et al., 2004). 
Premature-bud dormancy, delayed time-to-ripening, and decreased fruit quality and weight also 
result from PAR greater than optimum conditions (Oliveira et al., 2004; Remberg et al., 2010).   
  Despite integrated results of the effects of increased PAR and air- and root-zone 
temperature, research linking these critical factors with primocane-fruiting red raspberry 
characteristics of yield, timing of bud initiation, and berry quality in the North Central Region 
(Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, 
South Dakota, and Wisconsin) of the United States is limited.  Our objectives were to (1) assess 
the relationship between temperature and PAR and their effect on primocane development and 
(2) evaluate the efficacy of shadecloth and soil mulch in reducing temperature and PAR during 
high-tunnel primocane red raspberry production.  
 
Materials and Methods 
Three identical tunnel structures (11.0 x 4.3 m) covered with a single layer of 6-ml 
polyethylene (FarmTek, Dyersville, IA) were utilized near Ames, IA, at the Iowa State 
University Horticulture Research Station (lat. 42°06’30” N; long. 93°35’08” W) in 2012 and 
2013. Preceding site establishment was a two-year planting of day-neutral Fragaria Xananassa 
(strawberry). Soil samples indicated a soil organic matter content of 3.6% and a pH of 6.5, in a 
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Clarion loam soil series (Soil Survey Staff, 2013). Two-year-old tunnel polyethylene-covering 
exhibited a 17% PAR reduction as measured with a quantum sensor (LI-190) data logger (LI-
1400) (LI-COR Inc., Lincoln, NE) before treatment application.  
On 18 April 2012, one-year-old dormant crowns (Nourse Farms, South Deerfield, MA) 
of primocane red raspberry ‘Autumn Britten’ were planted in within the tunnel rows 46 cm apart, 
in beds 120 cm apart. A field-site with a soil series similar to the tunnels also was planted. 
Primocane shoots were trained on a temporary T-trellis, and tucked with twine at heights of 90 
and 180 cm. Plants were watered weekly and fertilized by drip irrigation at recommended rates 
(Bushway et al., 2008).  
Experimental design and treatments 
A randomized complete block design with split-plot arrangement of treatments was used. 
White shadecloth with a 33% shade factor (Hummert International, Springfield, MO) was 
assigned as the whole plot treatment, resulting in a target PAR reduction of 50%, as suggested by 
Willits (2003). Shadecloth was installed on 1 June (2012) and 3 June (2013), and whole plot 
treatments were assigned randomly as either tunnel plastic covering alone (tunnel alone) or 
tunnel plastic with the addition of 33% shadecloth (tunnel and shadecloth). At planting, the split-
plot treatment of nonliving, Panicum virgatum L. (switchgrass), mulch was applied on the soil 
surface to a depth of 15.2-cm to whole plot treatments of tunnel alone (tunnel alone plus mulch) 
and tunnel and shadecloth (tunnel and shadecloth plus mulch). The field-site also received either 
nonliving soil mulch or bare soilcover. Whole and split-plot treatment designations of tunnels 
and split-plot treatment of field were the same in the second season. Shadecloth was removed on 
23 and 30 Sept. 2012 and 2013, respectively, when PAR no longer exceeded 600 μmol·m  ²·   ¹. 
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Measurements 
Air and root-zone temperatures were recorded under tunnel whole and split-plot 
treatments at cane shoot apex and under soil mulch at root-zone depth of 10.2-cm. Field air- and 
root-zone temperatures of ‘Autumn Britten’ planting in the  ame  oil type were recorded for 
tunnel environment comparison. Temperature was recorded at 60-min intervals with 
WatchDog™ B-Series Temperature Loggers (Spectrum Technologies, Plainfield, IL) and 
averaged over every 24-hr period.  
Fruit were harvested every two to four days, and total yield by weight and berry number 
were recorded. Mean fresh berry weight was calculated from the average weight of ten berries 
per treatment, on each harvest date, and berries were dried in a drying oven at 60 °C  2 °C for 
72 hr. Julian dates of terminal flower development (bud initiation) were recorded along with the 
number of days from terminal flower emergence to primary budbreak, petal fall, and first harvest 
from three randomly selected canes per treatment. A 20-berry sample was collected at three 
harvest dates (2013) to determine soluble solids concentration and pH of fruit for each treatment 
replication, and fruit-quality variables were determined by a refractometer (ATAGO, 
Bellevue,WA) and a Thermo Scientific pH meter (Thermo Scientific Orion 2 Star, Waltham, 
MA), respectively. 
Data analyses 
Data were subjected to analysis of variance, and means were separated at P ≤ 0.05 (SAS, 
Version 9.3; SAS Institute, Cary, NC), using Fi her’  protected lea t significance difference test. 
A Type III test of fixed effects was performed using Satterthwaite approximation of standard 
errors. This approach allowed us to handle unequal degrees of freedom due and replication 
(personal communication, Department of Statistics, Iowa State University).  
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Results 
Environment 
 No differences were found between treatments for air temperature within seasons (data 
not shown), but air temperature differences were found between treatment years (P  ≤ 0.001). A 
greater root-zone temperature was recorded earlier in the season in 2012, whereas root-zone 
temperatures remained warmer later in the 2013 growing season (Tables 1 and 2).  Interactions 
of shade and mulch treatments on maximum monthly root-zone temperature, by year, were found 
(P ≤ 0.001). Maximum monthly root-zone temperatures were similar in the field and tunnel alone 
in June and July 2012 (Table 1). Compared to the field, not mulching with no shadecloth 
increased maximum root-zone temperature by 4.4 and 1.5 °C, in August and September 2012, 
respectively, and 4.0 and 2.4 °C when mulch was added, in August and September 2013, 
respectively. In 2013, similar increases in maximum root-zone temperature were found in tunnel 
alone, especially in September. Nonliving soil mulch provided the best reduction of maximum 
monthly root-zone temperature in both experimental seasons, with mulch and decreased PAR 
from shadecloth having the greatest reduction in June 2012 and July and August 2013. 
 Minimum root-zone temperatures were similar between field and treatments without 
mulch in June 2012, and were greater in the tunnel than the field in July and August 2012. No 
differences of minimum monthly root-zone temperature were found in September 2012, except 
in the control treatment, where no interaction of shadecloth and soil mulch was found. Plots with 
mulch with or without shadecloth provided the lowest minimum monthly root-zone temperature 
throughout most of 2012. In 2013, minimum root-zone temperatures of field and reduced PAR 
from shadecloth had no differences in July and August. In the absence of shadecloth, minimum 
50 
 
root-zone temperature in July and August increased. Minimum root-zone temperatures in all 
tunnel treatments were greater than the field at the end of the 2013 season.  
 In 2012, the tunnel alone treatment increased mean monthly root-zone temperature 2.6, 
3.2, 2.8, and 0.6 °C compared to field in June, July, August, and September, respectively (Table 
2). Mean monthly root-zone temperature was the lowest in the presence of shadecloth and soil 
mulch during June and July. No differences of mean monthly root-zone temperature were found 
between mulch treatments of different PARs in August or September. Initial mean root-zone 
temperatures were cooler in the second year of production (2013), but steadily increased as the 
season progressed, with the highest mean monthly root-zone temperature occurring at the end of 
the season. 
 In 2013, mean monthly root-zone temperature was not different between mulch 
treatments of different PARs and was the same as the field in June. The absence of mulch and 
shadecloth had the highest mean monthly root-zone temperatures across the entire season. 
Reduced PAR had the greatest reduction of mean root-zone temperature in August and 
September, with similar recordings to the field in August, and a 1.6 and 0.9 °C decrease from 
field with no mulch and plus mulch, respectively, in September. An interaction effect of whole 
and split-plot treatments on mean monthly root-zone temperature was found in both years.  
At floral initiation, the field site had the greatest variation of monthly root-zone 
temperature in June and July of both years (Table 2). Similar variations were found in the field 
site in August, but were highest in the absence of mulch and shadecloth in 2012 and 2013. At the 
end of the 2012 growing season, root-zone temperature variation in the tunnel exceeded 10 °C 
without mulch or shadecloth. Mulch treatments provided the greatest reduction of root-zone 
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temperature variation, with no difference between PAR until August 2013 when variation of 
root-zone temperature increased without the presence of shadecloth.   
Yield, timing of bud initiation, and berry quality 
 In the presence of shadecloth, treatments without mulch had greater berry yield and 
number in 2012 and 2013 (Table 3). When shadecloth was not used, mulching increased berry 
yield and counts in both years. In the establishment year (2012), canes grown in reduced PAR 
and without the presence of mulch had an increased berry yield of 151.4, 263.8, and 611.8 g, 
compared to increased PAR with mulch, without mulch, and whole and split-plot treatment of 
shadecloth and mulch, respectively. A similar treatment pattern was found with the 2013 berry 
number.  
 While berry yield and number favored decreased PAR in absence of soil mulch in the 
second season, yield and berry number were greatest in the presence of mulch and increased 
PAR in the establishment year, increasing yield and count by 25% and 28%. The addition of 
shadecloth to soil mulch reduced yield and berry number by 49% and 53%, respectively, and 
41% and 35% reduction of yield and berry number was seen when both soil mulch and 
shadecloth were removed. No differences of fresh or dry weight were found between tunnel 
treatments in either year, and therefore interaction effects of treatments were not determined.  
 Terminal bud emergence (bud initiation) started on 19 June, with an average of 13.6 days 
to petal fall among treatments. First harvest was recorded on 29 July or 39 days after initial bud 
initiation. Modification of the tunnel environment by shadecloth or soil mulch exhibited no 
differences in timing of flower bud initiation or days to bud-break, petal fall, or first harvest 
(Table 4). Overall berry quality characteristics of percent soluble solids concentration (SSC) and 
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pH were similar between all tunnel treatments (data not shown). No differences of pH or soluble 
solid concentrations were found between treatments and harvest reading dates (Table 5).       
 
Discussion 
Environment 
Data obtained from the two experiment years were subjected to the third warmest season 
on record in 2012 and the 26
th
 coolest season in 2013 (NOAA, 2012; 2013). Despite this 
discrepancy, ambient air temperature still ranged from 20 to 30 °C for most of the 2013 
production season, which previously has been found to limit plant productivity (Oliveira et al., 
2004). Tunnel air temperature was elevated compared to field site conditions. Due to seasonal 
climatic extremes in either year, air temperature located at primocane shoot apex was not 
influenced by shadecloth in tunnel production.  
While our current data suggests that ambient air temperature has inconclusive responses 
to the production potential of primocane fruiting ra pberry ‘Autumn Britten’, decreased 
primocane yield in 2012 was associated with primocane sensitivity to climatic extremes of PAR 
and air- and root-zone temperatures (Privé et al., 1993). However, berry number and weight from 
tunnels in 2012 may not be appropriate to calculate because it was the establishment year. 
Contradicting reports suggest that air temperature has an effect on vegetative and reproductive 
component  of ‘Autumn Bli  ’ (Carew et al., 2003).  
Because root-zone temperatures are greater in tunnels compared to field, mitigation 
techniques of shadecloths and organic mulches have been implemented to decrease root-zone 
temperatures for tunnel culture (Teasdale and Mohler, 1991; Wien, 2009; Willits, 2003). While 
the target PAR reduction of 50% effectively cooled root-zone temperature of an empty 
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controlled environment (Willits, 2003), the use of soil mulch was more beneficial in reducing 
root-zone temperature extremes of high-tunnel primocane red- raspberry (Table 1).  
Reports suggest that organic mulches have the capacity to decrease average root-zone 
temperature of various perennial crops (Teasdale and Mohler, 1991; Watson and Kupkowski, 
1991). While similar results of reduced midseason root-zone temperature from soil mulch were 
found in the field (Clark, 1940), the effort to modify root-zone temperature within a tunnel 
environment was best achieved with the combination of mulch and reduced PAR. Despite reports 
suggested by Privé et al. (1993), optimum mean monthly root-zone temperature of 16 °C was not 
achieved in either year of production (Table 2). As reported by Wien (2009), one of the easiest 
aspects to moderate is root-zone temperature variation. Similar to findings by Maurya and Lal 
(1981), soil mulch provided the least variation of monthly root-zone temperature within tunnel 
treatments (Table 2).  
Yield, timing of bud initiation, and berry quality 
Although mulch may be beneficial for reducing root-zone temperature extremes in a 
tunnel environment, reduced mean root-zone temperature as a result of shadecloth and soil mulch 
were associated with decreased fruit weight and yield. Ranges above or below field root-zone 
temperature had a negative effect on primocane yield in both years. Overall yield of high-tunnel 
primocane red raspberry ‘Autumn Britten’ is favored by mean root-zone temperatures slightly 
higher than field conditions and decreases as the variation of root-zone temperature increases 
beyond the field (Table 2 and 3).  
The role of PAR on the yield components of manipulated tunnel environments has shown 
that decreased high solar radiation increased yield of primocane-fruiting ra pberry ‘Autumn 
Britten’ (Privé et al., 1993). Greater yields have further been associated with PAR in a plastic-
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covered greenhouse in Spain, where 50% shadecloth increased cucumber yield by 10% (Lorenzo 
et al., 2006). In response to shading, Barney et al. (2007) linked reduced raspberry yield with 
increased internode length and reduced flower bud initiation. Our results, however, indicated 
inconsistent effects of reproductive components in differential PAR conditions (Table 3) 
(Oliveira et al., 2004). As increased yields are often associated with cane architecture traits such 
as cane height and quantity and length of fruiting laterals (Sonsteby et al., 2009; Barney et al., 
2007), decreased root-zone temperature as a result of shadecloth and mulch during prolonged 
cool conditions of 2013 may have increased cane height and vigor, thereby reducing overall 
yield (Crandall et al., 1974). Natural PAR and increased root-zone temperature conditions are 
favorable to the overall production potential of primocane red raspberry cultivars selected for the 
field (Percival et al., 1996; Sonsteby and Heide, 2008). 
Primocane-fruiting red raspberries initiate flowers during the warm summer months in 
the Northern Hemisphere (Lockshin and Elfving, 1981; Pritts, 2008). Time-to-ripening decreased 
as air temperature increased up to approximately 23 °C within the tunnels (Heide and Sonsteby, 
2011). While the whole plot treatment of shadecloth decreased tunnel air temperature by 
approximately 1 °C, an increase in time-to-ripening was observed due to decreased growth 
temperature. The absence of shadecloth demonstrated the shortest time-to-ripening among 
treatments, although data were not different due to variability of air temperature within tunnels.  
From the time of terminal bud emergence to first harvest, summer-bearing raspberry-
fruits typically require approximately 30 to 35 days to mature, with some cultivars requiring up 
to 55 days (Barney et al., 2007). Our results found that ‘Autumn Britten’ ripened in 39 to 40 
days, indicating that while floricane and primocane flower bud development parameters are very 
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similar, differences still exist in seasonal timing of terminal bud emergence and cultivar 
physiological traits of floral primordia (Carew et al., 2000, 2003; Sonsteby and Heide, 2009).   
Primocane red raspberry production in high-tunnels is beneficial where production is 
dependent upon the length of the growing season. As reported by Yao and Rosen (2011), high-
tunnel culture extended primocane red raspberry production an additional four weeks in the 
northern states of the North Central Region. In the middle of the North Central Region, the 
harvest period of primocane red raspberry ‘Autumn Britten’ wa   imilar to what was proposed 
for the primocane red raspberry ‘Autumn Bli  ’ (Domoto et al., 2009). Fresh berry weights were 
also similar when compared to high-tunnel-produced ‘Autumn Bli  ’ grown in  outhwe t Iowa 
and northwestern Minnesota (Domoto et al., 2009; Yao and Rosen, 2011). Our data show that 
while high-tunnel production may extend off-season production, increasing berry size is not 
dependent on an increase in the harvest period or improved climatic conditions within the 
manipulated tunnel environment (Table 3 and 4).  
As berries rapidly increase in size until four or five days before maturity (Barney et al., 
2007), optimizing growing conditions during the time between petal fall and first harvest would 
be the most beneficial in increasing fresh berry weight and yield. Additional reports stated that 
berry weight decreases with the progress of the harvest period (Remberg et al., 2010), 
demonstrating a seasonal average 50% berry weight reduction in strawberry (Sercé and Hancock, 
2005). This suggests that increasing root-zone temperature slightly above field conditions in the 
months of July and August, when fruits are developed, may be crucial in improving fresh berry 
weight and yield, whereas root-zone temperature below 20 °C during this time period decreases 
overall yield, berry number, and fresh and dry berry weight (Table 2 and 3).  
56 
 
Differences in berry performance and flavor also are stated to exist between cultivars. 
Cultivars that may do well in the field may not necessarily perform well in modified 
environments (Pritts, 2008). Although decreased fruit quality has been reported with increased 
PAR above 600 μmol·m  ²·   ¹ and 16 °C root-zone temperature (Privé et al., 1993; Remberg et 
al., 2010), soluble solids concentration and pH values were in acceptable ranges (Perkins-Veazie 
and Nonnecke, 1992). Opposed to Vanden Heuvel et al. (2000), soluble solids concentration 
decreased with the progression of the harvest season. Of the many factors that may contribute to 
soluble solids reduction, decreased light penetration through decreased canopy light interception 
is often the cause (Palmer et al., 1987; Vanden Heuvel et al., 2000). Therefore, similar to overall 
yield and extension of the harvest period, the increase in cane density due to improved climatic 
conditions may also hinder fruit quality after petal fall. Jennings (1988) also found that fruit 
grown in milder regions and wet summers have a lower sugar content that fruit grown in warm, 
dry summers; giving another explanation for the decrease of soluble solids concentration in 
2013.  
Conclusions 
Changes in climate, such as the annual rise of temperature, extremes in precipitation, and 
increased humidity pose great concerns to plant growth and development, including increased 
vulnerability during pollination, fruit set, and yield (Karl et al., 2009; Takle, 2011). 
Climatologists are predicting continued increased temperature variability of the North Central 
Region in future years (Takle, 2011), and will therefore be a continuing factor for long-term 
high-tunnel raspberry management decisions.  
Differential climatic elements account for much of the variability between primocane red 
raspberry yield and berry quality. The climactic element of root-zone temperature was the most 
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influential (Oliveira et al., 2004; Prive et al., 1993). Contrary to previous research by Carew et al. 
(2003), critical factors in our study such as timing of floral bud initiation and berry quality were 
not affected by increased PAR and root-zone temperature. Our results indicate that high-tunnel 
primocane yield and berry number are best optimized by mirroring field root-zone temperatures 
in the critical time between petal fall and first harvest, rather than root-zone temperature 
moderation throughout the production season. This study provides better understanding into 
which climatic elements have the greatest effects on the yield components of primocane 
raspberry, and basic background data needed to schedule improved productivity in tunnel 
environments of the North Central Region of the United States.      
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Table 1. Maximum and minimum monthly root-zone temperatures of whole plot treatments of 
tunnel and shadecloth, and split-plot treatments of with or without a nonliving soil mulch, in 
addition to a field plot, in 2012 and 2013. 
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% 
(17% from tunnel and 33% from shadecloth) PAR reduction.  
ʸAnalysis of variance using PROC MIXED multitreatment compari on  with Fi her’  protected 
least significance difference. Means followed by the same letter within columns and maximum 
or minimum temperatures are not different from one another (P ≤ 0.05).   
ˣP values of fixed effect of treatment interaction, separated by year. NS = not significant; (*) = P ≤ 
0.05; (**) =P≤0.01; (***) = P≤ 0.001. 
Treatment Maximum temperature (°C) 
 June July Aug Sept 
 2012 2013 2012 2013 2012 2013 2012 2013 
Tunnel aloneᶻ         
 No mulch 28.1ʸ a 23.7 a 31.4 a 26.0 a 29.8 a 27.0 a 25.5 a 30.1 a 
 Plus mulch 24.2 b 20.4 bc 25.5 b 22.3 b 25.8 c 23.3 c 23.1 b 26.0 c 
Tunnel and shadecloth         
 No mulch 25.6 b 23.0 a 31.4 a 25.1 a 29.1 b 24.6 b 25.9 a 24.1 d 
 Plus mulch 23.2 c 19.4 c 25.5 b 20.9 c 25.1 cd 20.9 d 22.9 b 25.3 c 
Field 28.4 a 21.4 b 31.7 a 22.8 b 25.4 c 23.9 c 24.0 b 27.2 b 
Shade*mulchˣ *** *** *** *** *** *** *** *** 
 Minimum Temperature (°C) 
Tunnel aloneᶻ         
 No mulch 22.6ʸ a 16.4 a 25.4 a 21.0 a 21.6 a 20.8 a 15.1 b 19.5 a 
 Plus mulch 19.9 b 15.3 b 24.0 b 19.7 b  20.5 b 20.3 a 15.8 a 18.5 ab 
Tunnel and shadecloth         
 No mulch 23.3 a 15.7 ab 24.1 b 18.1 c 21.5 ab 18.4 b 16.2 a 18.1 b 
 Plus mulch 19.3 b 14.5 bc 23.2 bc 18.3 c 20.0 bc 18.4 b 15.8 a 18.5 ab 
Field 22.4 a 14.5 bc 23.0 bc 17.4 c 19.0 c 18.1 b 15.2 a 16.9 c 
Shade*mulchˣ *** ** ** *** ** ** NS ** 
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Table 2. Seasonal mean and variations of monthly root-zone temperatures of whole plot 
treatments of tunnel and shadecloth and split-plot treatments of with or without nonliving soil 
mulch, in addition to a field plot, in two years of production. Variations calculated from 
differences in monthly maximum and minimum root-zone temperature. 
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% 
(17% from tunnel and 33% from shadecloth) PAR reduction.  
ʸAnalysis of variance using PROC MIXED multi-treatment comparisons with Fi her’  protected 
least significance difference. Means followed by the same letter within columns and maximum 
or minimum temperatures are not different from one another (P ≤ 0.05).   
ˣP values of fixed effect of treatment interaction, separated by year. (*) = P ≤ 0.05; (**) = P ≤ 
0.01; (***) = P ≤ 0.001. 
Treatment Mean temperature (°C) 
 June July Aug Sept 
 2012 2013 2012 2013 2012 2013 2012 2013 
Tunnel aloneᶻ         
 No mulch 25.7ʸ a 20.6 a 29.4 a 23.4 a 25.2 a 23.5 a 19.7 ab 24.9 a 
 Plus mulch 22.1 bc 18.3 bc 25.2 c 21.2 bc 22.6 b 21.4 b 19.0 b 22.7 b 
Tunnel and shadecloth         
 No mulch 23.1 b 19.8 ab 27.9 b 21.9 b 25.2 a 21.1 bc 20.3 a 20.8 c 
 Plus mulch 21.4 c 17.3 bc 24.3 d 19.8 c 22.1 b 19.9 d 18.9 b 21.5 c 
Field 23.1 bc 18.6 bc 26.2 c 20.4 c 22.4 b 20.5 cd 19.1 b 22.4 b 
Shade*mulchˣ *** ** *** *** *** *** * *** 
 Variation Temperature (°C) 
Tunnel aloneᶻ         
 No mulch 5.5ʸ ab 7.3 a 6.0 b 5.0 bc 8.2 a 6.2 a 10.4 a 10.6 a 
 Plus mulch 4.3 bc 5.1 b 1.5 c 2.6 c 5.3 c 3.0 c 7.3 d 7.5 b 
Tunnel and shadecloth         
 No mulch 3.2 d 7.3 a 7.3 b 7.0 a 7.6 a 6.2a 9.7 b 6.0 c 
 Plus mulch 3.9 cd 4.9 b 2.3 c 2.6 c 5.1 c 2.5 d 7.1 d 6.8 b 
Field 6.0 a 9.6 a 8.7 a 5.4 b 6.4 b 5.8 b 8.8 c 10.3 a 
Shade*mulchˣ *** *** *** *** *** *** *** *** 
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Table 3. Total yield, berry number, and fresh and dry berry weight of primocane red raspberry 
‘Autumn Britten’ produced in high-tunnels in 2012 and 2013. Data represent means of three 
pooled high-tunnels across whole plot treatments of tunnel and shadecloth and split-plot 
treatments of with and without nonliving soil mulch.   
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% 
(17% from tunnel and 33% from shadecloth) PAR reduction. 
ʸAnalysis of variance using PROC MIXED multitreatment compari on  with Fi her’  protected 
least significance difference. Means followed by the same letter within columns are not different 
one another (P ≤ 0.05).  
ˣFixed main effect of shade, mulch, and the interaction of shade and mulch, separated by years. 
P ≤ 0.001 = ***; NS = not significant.
Treatment Yield (g) Berry number Fresh weight (g) Dry weight (g) 
 2012 2013 2012 2013 2012 2013 2012 2013 
Tunnel (17%)ᶻ         
 No mulch 624.0ʸ c 5031.8 c 229 c 2211 c 3.0 3.3 0.33 0.36 
 Plus mulch 736.4 b 8593.4 a 307 b 3397 a 2.6 2.7 0.30 0.36 
Tunnel (+33% 
shadecloth) 
        
 No mulch 887.8 a 6503.0 b 340 a 2457 b 2.7 2.9 0.31 0.40 
 Plus mulch 276.0 d 4334.0 d 141 d 1612 d 2.3 2.8 0.30 0.38 
Shadeˣ *** *** *** *** NS NS NS NS 
Mulchˣ *** *** *** *** NS NS NS NS 
Shade*mulchˣ *** *** *** *** NS NS NS NS 
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Table 4. Julian dates of flower bud development of primocane red raspberry ‘Autumn Britten’ 
across whole plot treatments of tunnel and shadecloth, and split-plot treatments of with and 
without nonliving soil mulch. Mean dates were collected from three pooled high-tunnels.  
 
 
 
 
 
 
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% PAR 
reduction (17% from tunnel and 33% from shadecloth).  
ʸMeans followed by NS (not significant) within columns are not different from another, from 
analysis of variance using PROC MIXED multitreatment compari on  with Fi her’  lea t 
significant difference.  
 
 
 
  
Treatment Bud initiation Budbreak Petal fall First harvest 
     
Tunnel aloneᶻ     
 No mulch 171.8ʸ 184.8 185.9 210.7 
 Plus mulch 170.9 185.7 186.7 210.4 
Tunnel and 
shadecloth 
    
 No mulch 170.4 184.4 185.4 210.1 
 Plus mulch 172.8 186.0 186.1 212.5 
P ≤ 0.05  NS NS NS NS 
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Table 5. Berry quality characteristics of primocane red raspberry ‘Autumn Britten’ acro   whole 
plot treatments of tunnel and shadecloth, and split-plot treatments of with or without nonliving 
soil mulch. Mean soluble solids concentration (SSC) and pH were collected from three pooled 
high-tunnels, on three collection dates.  
 
ᶻTunnel alone provided 17% irradiation reduction, and tunnel and shadecloth provided 50% PAR 
reduction (17% from tunnel and 33% from shadecloth).  
ʸMeans followed by NS (not significant) within columns are not different from another, from 
analysis of variance using PROC MIXED multitreatment compari on  with Fi her’  lea t 
significant difference.  
 
  
Treatment 26 Aug. 4 Sept. 20 Sept. 
 SSC (%) 
 
pH SSC (%) 
 
pH SSC (%) 
 
pH 
Tunnel (17%)ᶻ       
 No mulch 6.1ʸ 3.08 5.6 3.21 4.7 2.97 
 Plus mulch 6.1 3.07 6.3 3.20 5.8 3.02 
Tunnel (+33% 
shadecloth) 
      
 No mulch 6.7 3.05 6.9 3.15 5.2 2.97 
 Plus mulch 6.4 3.07 6.3 3.35 5.9 2.99 
P ≤ 0.05  NS NS NS NS NS NS 
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CHAPTER 4: GENERAL CONCLUSIONS 
 
General Discussion 
 The increased demand for local food and the desired expansion of the harvest season 
have prompted the need for out-of-season primocane red raspberry production in the cold 
climates of the North Central Region (Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, 
Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin), of the United States.  
Despite widespread findings of the benefits of tunnel environments to primocane raspberry 
production, critical climatic elements of irradiance (photosynthetically active radiation, PAR) 
and temperature hinder primocane growth and development. Such adverse effects have 
necessitated investigating manipulation strategies in North Central Region tunnel environments.  
 Research was intended to provide alternate management practices to optimize physical 
and environmental conditions of primocane growth and yield in polyethylene-covered tunnel 
culture. Much of the knowledge of successful management practices that reduce damage to high-
PAR and increased air- and root-zone temperature of primocane red raspberry in the North 
Central Region is still limited. The work presented in this thesis provides insight to the major 
challenges of growing high-tunnel primocane red raspberries in the climatic conditions of the 
North Central Region, in addition to suggesting areas of focus for future research.  
Growth responses 
Differential PAR conditions provided inconsistent responses to cane growth and 
architecture. Root-zone temperature was the most influential climatic element affecting 
vegetative health and growth variability. While cane height and adventitious lateral count were 
best optimized with the combination of reduced PAR and root-zone temperature early in the 
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growing seasons, terminal bud emergence inhibited further growth. The remaining growth 
variables collected including leaf count, leaf area, flower lateral count and length, and the 
quantity of flowers produced per lateral are all more dependent upon the moderation of root-zone 
temperatures throughout the season. Moderation of the root-zone temperature is best achieved 
with the use of a nonliving soil mulch. Since subsequent shoot and cane density increased as a 
result of reduced root-zone temperature the previous fall, increased cane densities the following 
spring could indicate a potential increase of flower production. 
A positive correlation between flower lateral length and the quantity of flowers produced 
per lateral occurred as the PAR of the tunnel environment was reduced without the presence of 
mulch. While yield can be determined by the quantity of fruiting laterals produced per cane and 
the number of flowers produced per lateral, our data also can associate potential yield with 
increased flower lateral length. Negative changes in leaf count and area also were associated 
with decreased flower lateral development and flower production; therefore contrary to previous 
findings, primocanes did not offset negative growth changes of reduced cane density, leaf area, 
leaf count, or flower lateral count to prevent yield loss.  
Yield responses 
 Shadecloth did not significantly influence tunnel air temperature located at cane shoot 
apex and did not limit plant productivity. Temperatures at root-zone depth often are higher in 
tunnels compared to the field. Although the use of a nonliving soil mulch is beneficial for 
reducing root-zone temperature extremes in a tunnel environment, the greatest decrease of mean 
monthly root-zone temperature also resulted in decreased berry number and yield. Yields were 
highest when root-zone temperatures were most similar to the field site at the time of bud 
development stages of petal fall to first harvest, and were achieved by tunnel treatments of 1) 
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shadecloth without nonliving soil mulch and 2) tunnel with the presence of nonliving soil mulch. 
Fruits decreased in size as seasons progressed; however, mean fruit-berry size recorded across 
the harvest season was not dependent on improved climatic conditions of the tunnel 
environment.  
 Differential PAR conditions indicated inconsistent effects of primocane reproductive 
components of flower bud initiation and berry quality. No differences of flower bud initiation 
dates were found between tunnel treatments, although time-to-ripening decreased as air- and 
root-zone temperature increased up to approximately 23 and 22 °C, respectively. While soluble 
solids concentration of berries should improve with the advancement of the harvest season, our 
data showed a decline over time. Tunnel culture, regardless of the manipulating techniques, may 
inhibit the increase of soluble solids concentration in primocane red raspberry ‘Autumn Britten.’   
 
Recommendations for Future Research 
Due to the biennial nature of the above-ground portion and the perennial nature of the 
below-ground portion of primocane red raspberries, additional experimental years may be 
required to provide accurate growth and development responses of a mature planting in 
manipulated tunnel environments. Variability of growth and development responses also were a 
result of the climatic extremes between production years; therefore, continued monitoring and 
evaluation of shadecloth and a nonliving soil mulch are necessary before a manipulation strategy 
recommendation can be developed. While high-tunnels are increasing in popularity throughout 
the North Central Region for out-of-season primocane red raspberry production, climatic 
parameters of high-PAR and warm summer temperatures may cause adverse effects to 
primocane growth and development.   
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The effect of root-zone temperature on primocane growth and development needs to be 
clarified in controlled environments before manipulation strategies of root-zone temperature in 
tunnel culture can be recommended. Evaluating primocane performance in controlled 
environments will reduce the variability of root-zone temperature fluctuation within tunnel 
culture and provide greater control of soil type, soil moisture, PAR, air temperature, and pest 
pressure. Future management decisions for high-tunnel primocane red raspberry will also include 
climate change factors as a result of year-to-year variability, including excessive or deficit of 
precipitation, increased humidity, annual rise in temperature, and decreased surface PAR. 
Because the benefits of raspberry tunnel culture still outweigh the challenges of the 
climatic environments, further research also is needed to breed new primocane selections for 
increased temperature and environmental stress tolerance of a tunnel. While much of raspberry 
breeding programs are focused on disease resistance with superior traits for the field or improved 
cultivars for greenhouse production, the adaption of field and greenhouse types to tunnel types is 
unknown. Further work is needed in developing new cultivars that are adapted to the climatic 
extremes of tunnel environments, with the goal of having traits for commercial production.  
 A new and recent challenge to raspberry growers in the North Central Region is the 
introduction of an invasive pest Drosophila suzukii (Spotted Wing Drosophila). Growers and 
researchers across the United States are working to develop control strategies for Spotted Wing 
Drosophila (SWD), but sustainable management practices that allow growers to produce 
marketable fruit are critical for economically viable high-tunnel production systems. With 
extended preharvest intervals and reduced marketability of fruit from SWD, growers will be 
unable to attain the economic advantages of high-tunnel red raspberry production. An additional 
area of research focus should consider the effects of tunnel environments on SWD development 
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and possible sustainable management strategies that optimize marketability of tunnel-grown red 
raspberries. 
